Fusicoccins are a class of diterpene glucosides produced by the plant-pathogenic fungus Phomopsis amygdali. As modulators of 14-3-3 proteins, fusicoccins function as potent activators of plasma membrane H ؉ -ATPase in plants and also exhibit unique biological activity in animal cells. Despite their well studied biological activities, no genes encoding fusicoccin biosynthetic enzymes have been identified. Cyclic diterpenes are commonly synthesized via cyclization of a C20 precursor, geranylgeranyl diphosphate (GGDP), which is produced through condensation of the universal C5 isoprene units dimethylallyl diphosphate and isopentenyl diphosphate by prenyltransferases. We found that (؉)-fusicocca-2,10 (14)-diene, a tricyclic hydrocarbon precursor for fusicoccins, is biosynthesized from the C5 isoprene units by an unusual multifunctional enzyme, P. amygdali fusicoccadiene synthase (PaFS), which shows both prenyltransferase and terpene cyclase activities. The functional analysis of truncated mutants and site-directed mutagenesis demonstrated that PaFS consists of two domains: a terpene cyclase domain at the N terminus and a prenyltransferase domain at the C terminus. These findings suggest that fusicoccadiene can be produced efficiently in the fungus by using the C5 precursors, irrespective of GGDP availability. In fact, heterologous expression of PaFS alone resulted in the accumulation of fusicocca-2,10 (14)-diene in Escherichia coli cells, whereas no product was detected in E. coli cells expressing Gibberella fujikuroi ent-kaurene synthase, another fungal diterpene cyclase that also uses GGDP as a substrate but does not contain a prenyltransferase domain. Genome walking suggested that fusicoccin biosynthetic enzymes are encoded as a gene cluster near the PaFS gene.
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biosynthesis ͉ cyclase ͉ prenyltransferase F usicoccins (FC) A (1, 2) and J (3, 4) (Fig. 1) are the major metabolites produced by the plant-pathogenic fungus Phomopsis (Fusicoccum) amygdali (Del.) (5) . Fusicoccin A and the structurally related cotylenins (CN) (6) (7) (8) , e.g., cotylenin A ( Fig.  1 ) isolated from Cladosporium sp. 501-7W, permanently activate plasma membrane H ϩ -ATPases in all higher plants (9) . Their mode of action has been detailed via x-ray crystallographic analysis of the ternary complex of a plant 14-3-3 protein, FC, and a phosphopeptide derived from the C terminus of H ϩ -ATPase (10) . FC is a positive modulator of the function of 14-3-3 proteins. Because 14-3-3 proteins form a highly conserved family of molecules in eukaryotes that regulate a wide array of cellular processes (11) , the FC/CN class of diterpene glycosides was also anticipated to have effects in animal cells. Indeed, CN potently induces the differentiation of human myeloid leukemia cells (12) (13) (14) and acts synergistically with IFN-␣ to induce apoptosis in a wide array of cancer cells (15, 16) . FC also induces the randomization of left-right patterning during amphibian embryogenesis through an interaction with 14-3-3 (17) . FC/CNs are truly novel chemical genomic tools for modulating 14-3-3 activity. Investigating the diverse and important physiological roles of 14-3-3 proteins in intracellular signal transductions would be greatly enabled via access to a variety of FC/CN analogs. Because the complexity of these molecules precludes the total synthesis of FC/CN analogs, the identification of their biosynthetic genes is of great importance.
The aglycon of FC is a cyclic diterpene derived from geranylgeranyl diphosphate (GGDP). Terpenoids are biosynthesized from the isoprene units isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP), which are derived through the mevalonate pathway, the methylerythritol pathway, or both (18) . Cyclic terpenoids are constructed through the determination of prenyl chain length catalyzed by prenyltransferases, carbon skeleton formation by terpene cyclases, and chemical modification by oxidation, reduction, methylation, glucosylation, and other processes (19) . Terpene cyclases are key branch-point enzymes catalyzing the complex intermolecular cyclizations of the linear prenyl diphosphates into cyclic hydrocarbons. Previously, we cloned three cDNAs encoding diterpene cyclase from fungi: PfCPS/KS (ent-kaurene synthase from Phaeosphaeria), GfCPS/KS (ent-kaurene synthase from Gibberella fujikuroi), and ACS (aphidicolan-16␤-ol synthase from Phoma betae) (20) (21) (22) . All of these enzymes initiated cyclization by protonation of the double bond of GGDP (type B), followed by second step cyclization initiated by ionization of the diphosphate (type A) (23) . In contrast, FC was formed via fusicocca-2,10 (14)-diene ( Fig. 1 ) based on corroborative experimental evidence (24) (25) (26) , suggesting that the conversion of GGDP into fusicocca-2,10 (14)-diene would be initiated by ionization of the diphosphate (type A). However, no cDNA encoding type-A fungal diterpene cyclase has been isolated.
In this study, we isolated a cDNA, P. amygdali fusicoccadiene synthase (PaFS), encoding fusicocca-2,10 (14)-diene synthase from P. amygdali mycelia. This fungal enzyme catalyzes a cyclization of GGDP via a type-A mechanism. Surprisingly, the enzyme contains two domains, an N-terminal terpene cyclase domain and a Cterminal prenyltransferase domain, and converts isoprene units sequentially into GGDP and then into fusicocca-2,10 (14)-diene. An Escherichia coli strain harboring only the PaFS gene produced a high amount of fusicocca-2,10 (14)-diene, and a possible FC biosynthetic gene cluster occurs in the flanking regions of the PaFS. Taken together, efficient and high-production levels of FC and FC-related compounds can be achieved by using genetically engineered P. amygdali or heterologous cells such as yeast or E. coli.
Results

Isolation of cDNA Encoding an Unusual Chimera Terpene Synthase.
Diterpenoid biosynthetic genes, including a GGDP synthase (GGS) gene, have recently been shown to be clustered in the fungal genome, such as gibberellin and aphidicolin (27, 28) . We used genome walking from GGS to find an unknown diterpene synthase gene. We isolated six cDNA fragments encoding putative GGS from mycelia of P. amygdali by RT-PCR with degenerate primers. By gene walking from the GGSs and homology-based RT-PCR, we found two terpene cyclase-like genes, PaDC3 and PaDC4, which were homologous to other fungal sesquiterpene cyclase genes. We determined a full-length PaDC4 cDNA sequence, which unexpectedly indicated that GGS is fused to PaDC4 at the 3Ј end within a frame. We tentatively named this fused-type gene PaDC4:GGS (GenBank accession no. AB267396). This cDNA encodes 719-aa residues (81 kDa) and contains eight intron insertion sites based on a comparison with the corresponding genomic DNA sequence. The predicted peptide constitutes two possible domains, the terpene cyclase domain (position 1-334) at the N terminus and the prenyltransferase domain (position 335-719) at the C terminus (Fig. 2B ). The terpene cyclase domain exhibited homology with aristolochene synthases, which are the fungal sesquiterpene cyclases (Ϸ20% identities and 40% similarities). In contrast, the prenyltransferase domain was highly homologous with the GGSs in other species of fungi (Ϸ40% identities and 60% similarities). The DDxxD motif, proposed to coordinate the Mg 2ϩ ion (29) , was conserved at both domains (Fig. 2B) . A BLAST homology search using a full-length PaDC4:GGS amino acid sequence showed that homologs with two domains, annotated as hypothetical proteins or GGS, were registered in the database for Coccidioides immitis (EAS27885; 39% identity), Gibberella zeae (EAA68264; 36% identity), Chaetomium globosum (EAQ85668; 35% identity), and others. These results suggest that unusual chimera genes are ubiquitous in fungal species other than P. amygdali.
PaFS Encodes Fusicocca-2,10 (14)-diene Synthase Also Possessing GGS
Activity. To study the function of PaDC4:GGS, we performed a terpene cyclase assay with the recombinant fusion protein with glutathione S-transferase (GST) at the N terminus, using geranyl diphosphate (GDP), farnesyl diphosphate (FDP), and GGDP as substrates. The recombinant GST-PaDC4:GGS primarily converted GGDP into a substance that peaked at a retention time of 13.2 min in GC (Fig. 3A, peak 1 ). The retention time and mass spectra of peak 1 ( Fig. 3 A and C) were identical to those of authentic fusicocca-2,10 (14)-diene ( Fig. 3 B, peak 2, and D) (30) . Nine by-products related to fusicoccadiene were detected, of which eight were minor peaks. Among these, the retention time and mass spectra of the three minor peaks at 13.4, 13.8, and 16.9 min (not shown in Fig. 3A) were identical to those of fusicocca-3 (16),10 (14)-diene, ␦-araneosene, and ␤-araneosene, respectively, the structures of which were determined in ref. 30 . The structure of the by-product at 13.5 min, which was the most abundant by-product, could not be determined. These results strongly indicate that PaDC4:GGS encodes fusicocca-2,10 (14)-diene synthase; we therefore renamed this gene P. amygdali fusicoccadiene synthase (PaFS).
PaFS contains two putative domains, i.e., a terpene cyclase domain at the N terminus and a GGS domain at the C terminus (Fig. 2B) , prompting us to perform a terpene cyclase assay with DMAPP, GDP, or FDP with IPP. Surprisingly, the main product of recombinant GST-PaFS with DMAPP, GDP, or FDP in the presence of IPP was fusicocca-2,10 (14)-diene (data not shown), like with GGDP as a substrate. These results indicate that PaFS converted isoprene units into GGDP and successively converted GGDP into fusicocca-2,10 (14)-diene, suggesting that PaFS is an unusual multifunctional diterpene synthase possessing both prenyltransferase and terpene cyclase activities. (Fig. 4A) . N390, N436, and N493 exhibited cyclase activity, which was estimated by the production of fusicocca-2,10 (14)-diene from GGDP, as in full-length PaFS; N334 and C385 did not exhibit cyclase activity (Fig. 4A, CA) . In contrast, C385 catalyzed the conversion of FDP and IPP into GGDP, whereas the four N-terminal peptides of course did not (Fig. 4A, PA) . It was remarkable that N390 and N436 possessed cyclase activity even though its DDFQD motif in the GGS domain was omitted. To examine the role of the DDxxD motif in each domain, we prepared two mutants in which aspartate residues were substituted by the nonpolar residue, alanine: D92A and D474A (Fig.  4B) . The cyclase assay showed that D474A converted GGDP into fusicocca-2,10 (14)-diene, whereas D92A did not (Fig. 4B,  CA) . The results of a prenyltransferase assay were complementary to those of the cyclase assay (Fig. 4B, PA) . These results demonstrated that the N-terminal 44-kDa peptide catalyzed the cyclization of GGDP, and the C-terminal 43-kDa peptide showed GGS activity.
Accumulation of Fusicocca-2,10 (14)-diene in E. coli Expressing PaFS.
PaFS is responsible not only for forming the FC carbon skeleton but also for determining the chain length of the prenyldiphosphate substrate. We attempted to detect accumulated fusicocca-2,10 (14)-diene in E. coli cells harboring pGEX-PaFS. To check the limitation of GGDP, we also analyzed the hydrocarbon fraction from E. coli cells harboring pGEX-GfCPS/KS encoding entkaurene synthase from G. fujikuroi. Previously, we showed that this enzyme catalyzes the conversion of GGDP into ent-kaurene in vitro (21) . E. coli cells incubated for 12 h at 17°C after induction of the recombinant protein production were used for extraction. We detected a large amount of fusicocca-2,10 (14)-diene in the hydrocarbon fraction of the extract from E. coli cells expressing GSTPaFS (Fig. 5B, peak 3) . In contrast, no ent-kaurene was detected in cells harboring GST-GfCPS/KS (data not shown) in which sufficient amounts of the functional recombinant GST-GfCPS/KS was expressed (Fig. 5A, lane 2) .
Fusicoccin Biosynthetic Genes Are Clustered in P. amygdali. PaFS genome walking revealed a 2-oxoglutarate-dependent dioxygenaselike gene (PaDOL4-1), a cytochrome P450 monooxygenase-like gene (PaP450L4-1), a short-chain dehydrogenase/reductase-like gene (PaSDRL4-1), and an ␣-mannosidase-like gene (PaManL4-1) at the 3Ј location downstream of PaFS (Fig. 2 A; GenBank accession no. AB272062). Two types of oxidases are thought to be responsible for the oxidation of C8, C9, C12, C16, and C19. PaDOL4-1 belongs to the 2-oxo-glutarate-dependent dioxygenase family, which is specific to fungi (31). PaSDRL4-1 may catalyze the isomerization of the double bond at C2-C3 to C1-C2. The ␣mannosidase-like PaManL4-1 may be responsible for ␣-glucosylation at C9. The ␣-mannosidase/glucosidase could catalyze the translocation of mannose/glucose, in addition to cleavage. The glucosyltransferase family is generally considered responsible for the glucosylation of terpenoids; however, mannosidase has not been shown to catalyze the glucosylation of terpenoids, and we have yet to determine its exact function. 
Discussion
We succeeded in cloning a gene for diterpene cyclase (PaFS), which catalyzes the conversion of GGDP into fusicocca-2,10 (14)-diene. PaFS also showed prenyl transferase activity, which determines the chain length of the direct substrate for cyclization reactions. The functional analysis of N-and C-terminal truncated mutants demonstrated that PaFS possesses two domains: a terpene cyclase domain at the N terminus and a prenyltransferase domain at the C terminus (Fig. 6) . The site-directed mutagenesis of the DDxxD motif in each domain further indicated that the 92 DDVTD motif and 474 DDFQD motif were part of the active site for the terpene cyclase and prenyltransferase reactions, respectively. To date, several classes of multifunctional enzymes have been reported in the biosynthesis of natural products such as polyketides, terpenes, and primary metabolites (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) . These enzymes mechanically catalyze distinct reactions by possessing multiple enzyme domains. Some fungal diterpene cyclases are bifunctional, having an N-terminal type-B cyclase domain and a C-terminal type-A cyclase domain and catalyzing two consecutive cyclization reactions from GGDP (43) . However, the PaFS that we identified shows prenyltransferase activity, which provides the substrate GGDP for the cyclization reaction.
Previously, an artificially constructed chimeric enzyme containing an FDP synthase domain and a tobacco epi-aristolochene synthase domain was shown to produce the sesquiterpene epiaristolochene from GDP and IPP (44) . That report also suggested that the chimeric enzyme was more efficient than the mixture of two separate enzymes in converting GDP and IPP into epiaristolochene in vitro (44) . We therefore speculate that multifunctional fungal enzymes exhibiting both prenyltransferase and terpene cyclase activity may contribute to the efficient production of bioactive terpenes, regardless of the availability of GGDP in the cell. Our database survey suggested that such multifunctional terpene biosynthesis enzymes also occur in other fungal species, implying that this hypothetical mechanism for the efficient production of terpenes is not restricted to P. amygdali. The 14-3-3 proteins are important regulators of cellular signaling pathways in eukaryotes and are targets of FC and CN. These terpenoids commonly function as activators of H ϩ -ATPase in plants (9) by modifying the function of 14-3-3 proteins. However, FC and CN often have different effects in animal cells; some studies have reported anticancer activity by CNs (12-16), but none have described such activity by FC derivatives. These observations suggest that modifications of the aglycone of FCs and CNs may alter their biological effects in animal cells. The identification of FC biosynthetic enzymes, especially hydroxylases, will be important in providing enzymatic tools for the production of a new class of FC congeners having CN-like anticancer activity. The possible FC biosynthetic gene cluster that we identified by genome walking (Fig.  2 A) will be useful in achieving this goal. We demonstrated that the heterologous expression of the PaFS gene alone is sufficient to produce a large amount of fusicocca-2,10 (14)-diene in E. coli. Because the C 5 isoprene units are thought to be synthesized in all organisms as universal precursors to isoprenoids, PaFS will be a powerful and flexible tool for producing FCs in heterologous systems. RT-PCR. P. amygdali N2 was cultured in shaken mode for 3 days at 25°C in a 500-ml flask (30) , and the mycelia were obtained and frozen in liquid nitrogen. The poly(A) ϩ RNA was extracted from the frozen samples and was used to derive cDNA as described in ref. 45 . With an Advantage 2 PCR system (Clontech, Mountain View, CA), RT-PCR was performed with the cDNA pool as a template and a set of degenerate primers: 5Ј-AAYAARACNG-GNGGNYTNTT-3Ј (sense) and 5Ј-CANARRTTCTARTART-CRTC-3Ј (antisense) for isolation of GGS; and 5Ј-GCNATGGS-NYTNACNATHCC-3Ј (sense) and 5Ј-TARTCRTCNCKDA TYTGRAA-3Ј (antisense) for isolation of the chimera gene homolog. The PCR conditions were 40 cycles of denaturation at 94°C for 1 min, annealing at 48°C (GGS) or 50°C (chimera gene homolog) for 1 min, and elongation at 72°C for 1 min. RACE was performed by using gene-specific primers based on the corresponding genome DNA sequences, according to the methods described previously (45) .
Materials and Methods
Genome Walking. Genome walking was carried out by using a Universal Genome Walker kit (Clontech). Genomic DNA was extracted from the mycelia, as described above, with a Nucleon PhytoPure (Amersham Pharmacia). A genome walker library was constructed with the genomic DNA and was used for nested PCR according to the manufacturer's protocol. In addition to the enclosed restriction enzymes (DraI, EcoRV, PvuII, and StuI), four other enzymes (FspI, NruI, ScaI, and SspI) were used. Functional Analysis. To amplify the cDNA for functional analysis, RT-PCR was carried out with the primers 5Ј-GAATTCTATG-GAGTTCAAATACTCGGA-3Ј (F1, sense; EcoRI site underlined), 5Ј-GAATTCGACACAATTGGAATGGATGC-3Ј (F2, sense; EcoRI site underlined), 5Ј-GCGGCCGCACAACCGTCA-GAGTTACGAG-3Ј (R1, antisense; NotI site underlined), 5Ј-GCGGCCGCTCAAAAGATGTTATGCGTCGAC-3Ј (R2, antisense, NotI site underlined), 5Ј-GCGGCCGCTCATCCT TTAGATGGCATGGAA-3Ј (R3, antisense; NotI site underlined), 5Ј-GCGGCCGCTCACAGCGAAGAATCCTGCCTA-3Ј (R4, antisense; NotI site underlined), and 5Ј-GCGGCCGCT-CACTTGTTGAATGAAACATCT-3Ј (R5, antisense; NotI site underlined). The combinations of F1-R1, F1-R2, F1-R3, F1-R4, F1-R5, and F2-R1 were used to amplify cDNA encoding fulllength PaFS, N493, N436, N390, N334, and C385, respectively. Site-directed mutagenesis was carried out by overlap extension PCR (46) by using two sets of mutagenic primers: 5Ј-TCTG-CACGCTGATGTTACCGAC-3Ј (sense, mutation underlined) and 5Ј-CGGTAACATCAGCGTGCAGAAAGG-3Ј (antisense, mutation underlined) for D92A; 5Ј-GCTGCTCGCCGACTTC-CAAGACA-3Ј (sense, mutation underlined) and 5Ј-TCTTG-GAAGTCGGCGAGCAGCAG-3Ј (antisense, mutation underlined) for D474A. Each subcloned PCR product was digested with EcoRI and NotI and ligated into the pGEX-4T-3 vector (Amersham Pharmacia) for expression as a fusion protein with GST at the N terminus. The plasmid was transformed into E. coli XL1-Blue. Procedures for the growth of E. coli cells, induction of gene expression, extraction and purification of recombinant enzymes, and measurement of cyclase enzyme activity were identical to those described previously in ref. 47 . A 20-g aliquot of DMAPP, GDP, FDP, or GGDP was used as the substrate with or without 20 g of IPP. Hydrocarbon products were analyzed by GC-MS. The estimation of prenyltransferase activity was carried out by using methods described in ref. 48 .
Extraction and Purification of the Hydrocarbon Fraction. The nhexane extract was prepared in the usual way from the samples of P. amygdali mycelia or E. coli cells. This extract was loaded into a column packed with silica gel (BM-820MH; Fuji Silysia Chemical, Aichi, Japan). The column was eluted by n-hexane, and the eluate was evaporated and subjected to GC-MS analysis.
GC-MS. GC-MS analysis was performed by using an Agilent 6890N GC-5973N mass selective detector system (Agilent Technologies, Palo Alto, CA): HP-1MS capillary column (0.25-mm width ϫ 30-m length), 60°C (2 min)-150°C (30°C/min), 180°C (10°C/min), 210°C (2°C/min) (47).
